We present direct measurements of ion heating due to collisional plasma shocks and interpenetrating supersonic plasma flows, which are formed by the oblique merging of two coaxial-gun-formed plasma jets. Our study was repeated using four jet species: N, Ar, Kr, and Xe. In conditions with small interpenetration between jets, the observed peak ion temperature Ti is consistent with the predictions of collisional plasma-shock theory, showing a substantial elevation of Ti above the electron temperature Te and also the subsequent decrease of Ti on the classical ion-electron temperatureequilibration time scale. In conditions of significant interpenetration between jets, such that shocks do not apparently form, the observed peak Ti is still appreciable and greater than Te, but much lower than that predicted by collisional plasma-shock theory. Experimental results are compared with multi-fluid plasma simulations.
Shocks are a fundamental feature of supersonic plasma flows and affect the detailed energy balance and dynamical evolution of physical systems in which the shocks are embedded, e.g., in astrophysical systems [1] [2] [3] [4] or in the laboratory, as in high-energy-density (HED) [5] or inertial-confinement-fusion (ICF) [6] experiments. Differing fundamentally in two key respects from hydrodynamic shocks, plasma shocks (1) can be mediated either by classical Coulomb collisions between plasma particles (collisional plasma shock [7, 8] ) or by collective effects such as the Weibel instability [9] [10] [11] (collisionless plasma shock [12] ), and (2) are more complex due to the presence and coupled interactions of electrons, ions (sometimes multiple species), electromagnetic fields, and radiative and equation-of-state (EOS) effects. This Letter focuses on unmagnetized collisional plasma shocks and interpenetrating supersonic plasma flows, in which radiative and thermal losses and EOS effects cannot be ignored a priori. Related recent experiments include colliding plasmas formed by plasma railguns [13] [14] [15] , wire-array Z pinches [16, 17] , and laser ablation of solid targets [18] . The latter are also being used to study collisionless shocks [19] [20] [21] [22] . The study of interpenetrating, colliding plasma flows has a long history, e.g., [23] [24] [25] .
This Letter presents the first detailed and comparative experimental diagnostic study of ion heating due to unmagnetized collisional plasma shocks and interpenetrating supersonic plasma flows. Our experiments are repeated using N, Ar, Kr, and Xe, and the observed ion heating is a sensitive measure of the underlying coupled physics. Some prior experiments studying plasma shocks and interpenetrating flows have reported isolated measurements of ion temperature T i inferred from multiparameter fits to Thomson-scattering spectra, e.g., ablation phase of a wire-array Z pinch [26] , collisionless counter-streaming of laser-produced CH plasmas [21, 27] , and development of a collisional strong shock formed via expanding Si and N plasma into H 2 gas [18] . Our T i measurements are inferred directly from Doppler broadening of ion line emission. Detailed measurements of the time evolution of T i within the post-shock or jetinterpenetration regions imply impulsive heating followed by slower equilibration with the electron temperature T e . The latter remains much lower than T i , as inferred from comparisons between broadband visible line spectra and atomic modeling. The results presented here constitute new fundamental data for unmagnetized collisional plasma shocks and interpenetrating supersonic plasma flows, and may be uniquely valuable for validating firstprinciples modeling, e.g., [28] [29] [30] , of these phenomena, which are crucial for accurate modeling of HED and ICF experiments. At present, there are significant disagreements among different codes and models [31, 32] . Our experiments were motivated by and are of importance for evaluating the effects of collisional plasma shocks on plasma-liner formation via merging plasma jets as a potential magneto-inertial-fusion driver [33, 34] .
The results presented here were obtained on the Plasma Liner Experiment (PLX) [34, 35] , where six recently developed coaxial plasma guns [34, 36] are mounted on a 2.74-m-diameter spherical vacuum chamber. In these experiments, two plasma jets are fired at a time to provide an unobstructed view of the jetmerging dynamics, with merging half-angle θ = 11.6
• or 20.5
• , as shown in Figs. 1(a) and 1(b), respectively. At the exit of the gun nozzle, each jet has ion density n i ∼ 2 × 10 16 cm −3 , T e ≈ T i ≈ 1.5 eV, mean-chargē Z ≈ 1, diameter ≈ 8.5 cm, and speed v jet ≈ 25-80 km/s [34] . Details of the plasma-gun design and jet characterization are reported elsewhere [34, 36] . Extensive prior work [13, 14, 37] showed that, as a jet propagates over ∼ 1 m, it expands radially and axially at approximately the internal sound speed C s , T e and v jet stay approximately constant, n i decreases consistent with mass con- servation, the magnetic field strength decays by 1/e every few µs such that both the thermal pressure and kinetic energy density (of the jet directed motion) dominate over the magnetic pressure by the time the jets merge, and that density jumps and jet-merging morphology are consistent with oblique collisional shock formation.
The plasma parameters reported in this work, i.e., T i , T e , electron density n e ,Z, and v jet , are inferred from diagnostic measurements (positions shown in Fig. 1 ). Plasma T i is measured via Doppler broadening of plasma ion line emission using a high-resolution, 4-m McPherson monochromator (2062DP) with a 2400 mm −1 grating and a single-frame intensified charge-coupled-device (CCD) detector. The spectral resolution is 1.5 pm/pixel at the typical visible wavelengths of interest, sufficient to resolve T i > ∼ a few eV for Xe and correspondingly smaller values for lighter species. The high-resolution spectrometer records two chords at a time with typical waist diameter of 2 cm; chord positions are indicated by the blue squares (10-cm separation) in Fig. 1 . Doppler broadening is the primary source of line broadening in our parameter regime, and the effects of differing Doppler shifts of different jets are minimized by viewing the merging at ≈ 90
• relative to the directions of jet propagation. Turbulent motion of the merged plasma is not indicated in the experimental images. Line-integrated measurements of n e are obtained using a multi-chord laser interferometer [38] . The density of the post-shock or jet-interpenetration regions are measured using five interferometry chords (0.3-cm chord diameter and 1.5-cm spacing between chords) 30 cm from target-chamber center (TCC), as shown by the green dots in Fig. 1 . Plasma T e andZ are bounded [37] by comparing broadband visible spectroscopy data [34] , obtained along the same chord positions as the interferometry (green dots in Fig. 1 but with 1-cm chord diameter), to atomic modeling and using the inferred n e from interferometry. Jet speeds are measured via a photodiode array at the end of each gun nozzle [34] . A fastframing camera with an intensified CCD (PCO dicam pro) obtains visible-light images of the shock formation or jet interpenetration. Further details of the PLX facility, coaxial plasma guns, diagnostics, and plasma-jet parameters are described in Ref. 34 .
Figures 1(a) and 1(b) show fast-camera images of two jets merging with θ = 11.6
• and 20.5
• , respectively, and Fig. 1(c) shows lineouts of the square root of intensity across the region of jet merging. If T e is nearly spatially uniform, which is consistent with both collisional plasma-shock theory [8] and our experimental measurements, then the lineouts in Fig. 1(c) are representative of the n i profile. For the black curve, the gradient scale length ∼ few cm, which is consistent with oblique collisional plasma-shock thicknesses (discussed later).
Figure 2(a) shows representative interferometry profiles of line-integrated n e in the post-merged plasma. These measurements show small spatial variations in the post-merge region and are used to infer post-merge n e . Figure 2(b) shows the broadband emission spectrum (from the same shot) compared to PrismSPECT modeling [39] , which we use to bound T e andZ. In this case, the best fit is T e = 1.9 eV andZ = 1.0 for n e = 3 × 10 14 cm −3 . The bounds on T e andZ are determined based on the absence and/or presence of certain lines in the data as compared to the PrismSPECT modeling [37] . All post-merge values of n e , T e , andZ are summarized in Table I . The broadband spectra also reveal that no impurity lines are observed during the first 10 µs of jet merging, and therefore we do not expect the results in Table I to be affected by impurities.
The primary result of this work is the measurement Fig. 1(b) ], where r < 0 is below the midplane. (b) Visible spectral emission from merged plasma jets (shot 1579, t = 38 µs, 30 cm from TCC) and calculated spectra using PrismSPECT [39] .
of the time evolution of T i , as inferred from Doppler broadening of ionized emission lines, in the post-shock plasma or the region of jet-jet interpenetration as shown in Figs. 1(a) and 1(b) , respectively. An example of the inference of T i from Doppler spectroscopy data is shown in Fig. 3 . Data at the earliest stage of jet merging show evidence of multiple overlapping line shapes (not shown here), which we believe to be due to interpenetration and systematic gun-angle-dependent Doppler shifts. These features are not observed several µs later into the jet merging. In data processing, we reject multiple-lineshape cases and include only the cases that satisfy a threshold goodness-of-fit to a single Gaussian. • , respectively, and for the different species N, Ar, Kr, and Xe. The specific emission lines used were 463.0-nm N ii, 480.6-nm Ar ii, 473.9-nm Kr ii, and 529.2-nm Xe ii. In obtaining this high-resolution-spectroscopy dataset at the positions indicated by the blue squares in Figs. 1(a) and 1(b) , we recorded progressively later times as we moved the spectrometer viewing chords closer to TCC (over multiple shots) because the jets and merged plasma move from right to left in Figs. 1(a) and 1(b) . All recorded data meeting the goodness-of-fit criterion are included in Fig. 4 .
To interpret the T i measurements, first we consider the interpenetration distance L ii,s between jets upon merging. Depending on jet parameters and θ, L ii,s varies from much smaller to much larger than the characteristic jet spatial scale of a few tens of centimeters. Using estimated pre-merge jet parameters (v jet from photodiodes, n i decreased from measured post-merge n i = n e /Z by a factor of 2.5 for interpenetrating cases and 3.5 for shockforming cases, and T i = T e as inferred from spectroscopy) and a test-particle analysis [40] , i.e., of a test ion from one jet penetrating the field particles of the opposing jet, Table I ).
we estimate
where v = 2v jet sin θ (cm/s) is the counter-streaming speed between the two jets, ν ii,s the counter-streaming ion-ion slowing frequency in the fast limit (≫ ν ie,s for our parameters), Λ ii the Coulomb logarithm for counterstreaming ions in the presence of warm electrons [14, 40] , µ the ion/proton mass ratio, ǫ (eV) the energy associated with v,Z (pre-merge) is assumed to be unity, and the factor of 4 in the denominator accounts for the integral effect of slowing down [41] . For θ = 11. Table I] .
If L ii,s is small relative to the characteristic jet scale, collisional oblique plasma shocks form, as previously shown [13, 14] . An upper bound for the jump in T i across the shock, assuming that all of the heating goes to the ions, and T e is uniform across the shock, is [42, 43] 
where subscripts '1' and '2' refer to pre-and postshock, respectively, γ = 5/3 is the polytropic index, pre-shock Mach number M ≡ v/[γk(T i +ZT e )/m i ] 1/2 , α ≡ (ZT e )/T i1 , and T i1 = T e is assumed. Predicted T i2 based on Eq. (2) are plotted as horizontal dotted lines in Fig. 4 . It is seen that the measured peak T i agrees (within error bars) with the predicted T i for Fig. 4 (a) (θ = 11.6
• ), corresponding to the small-interpenetration cases of columns (a)-(c) of Table I . In these cases, the estimated post-shock ion-ion mean free paths are λ i ∼ 0.1-1 cm, consistent with the sharp jumps of the solid black curve of Fig. 1(c) representing collisional plasma shocks. On the other hand, in cases (d) (Kr at θ = 11.6
• ) and (e)-(f) (θ = 20.5
• ) of Table I , the conditions correspond to large interpenetration, and the T i predicted by Eq. (2) is much higher than the measured peak T i , as shown in Fig. 4(b) . In these cases, it appears that oblique shocks do not form [see blue dotted curve of Fig. 1(c) ]. In the particular case of Kr and θ = 11.6
• [case (d) of Table I ], v jet was higher than intended, and therefore interpenetration was the result.
The predicted, classical ion-electron temperature relaxation rate [40] ,
is also plotted in Fig. 4(a) (overlaying the data) . The prediction agrees well with the data, particularly for Ar and Xe, suggesting that the plasma shock predominantly heats the ions, followed by classical equilibration with the much colder electrons. For interpenetrating flows, heating and equilibration occur over similar time scales and does not admit a comparison based on Eq. (3).
Finally, we perform 1D, multi-fluid calculations (Lagrangian particles advect electron-and two ion-fluid quantities) of peak T i (stars in Fig. 4 ) using the Chicago code [44, 45] , including thermal/radiative losses and tabular EOS. For the collisional case [ Fig. 4(a) ], calculated peak T i are lower than the collisional shock-jump prediction (expected with inclusion of thermal/radiative losses) but also somewhat lower than the data. For interpenetrating cases [ Fig. 4(b) ], the calculated peak T i agree reasonably well with the data. Discrepancies with the data suggest further, detailed validation studies.
In conclusion, we have reported a comprehensive experimental study of ion heating in collisional plasma shocks and interpenetrating supersonic plasma flows formed by the oblique merging of two laboratory plasma jets. The experiments were repeated for four jet species: N, Ar, Kr, and Xe. The post-merge T i ≫ T e in all cases investigated, including for both very small and substantial jet interpenetration, indicating that the predominant heating goes to the ions for both cases. For cases with shock formation, the measured peak T i agrees well with the theoretically predicted T i jump for a collisional plasma shock [Eq. (2)]. For cases with substantial interpenetration, the measured peak T i , unsurprisingly, is substantially below that predicted by the collisional plasma-shock theory. The predicted classical ion-electron temperature relaxation compares well with the observed T i decay in shock-forming cases. Multifluid Chicago simulations show some agreement with the peak-T i data in both shock-forming and interpenetrating cases; the differences highlight an opportunity for detailed model validation for this and other codes being used to improve our understanding of HED and ICF experimental results.
